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Outline

@ Motivations for gauging flavor symmetries

e O(3)L x O(3)g flavor gauge model

@ Explaining B decay anomalies via O(2), x O(2)g gauge bosons

@ Conclusions
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Gauging Flavor Symmetries
The Standard Model gauge sector has a [U(3)]° global symmetry:
U(3)g x U(3)ye x U(3)ge x U(3)L x U(3)ee

Gauge Principle: “All anomaly free symmetries should be gauged”

Maximal Flavor Symmetry that is anomaly free:

(A) OB)ia,3 X O(3){ue,de,ec) [O(3) x O(3)r]
(B) O(3)q.uc.ecy X O3)(Lae} [0(3)10 x O(3)s]
(C) SUB){q.ue.dep X O(3){Lec [O(3)quark X O(3)iepton]

Among these, O(3), x O(3)g is very promising — from fermion mass
generation viewpoint — for gauge model of minimal flavor violation
KB, M. Frank, S. Rai (2011)

3/23



BN
Gauging Flavor Symmetries (cont.)

The 5 U(1) factors of [U(3]° are:
Y? (B_L)7 (B+L)> 'DQ> PQ,

Once 1€ field is introduced for neutrino mass generation,
anomaly-free maximal subgroups of [U(3)]® become:

( ) (3){Q L} X SU( ) ue,d<,ec,ue} X U( )B,[_

(B) (3){Q uc,de} X 5U(3){/_ e ,,c} X U(l)B_L

(C) 50(3) Q,uc,ec} X 5U(3){/_ de e} X U(].)B_[_

(D) SU(3){Q uc,de,L,ec e} X U( )B—L

(E) SO(3)j0ure * SO(B)Lac} x SO(3) g

(F) 5U(3){Q uc,de} X 50(3){[_ e} X SO( ){Vc}

(G) SOB3)iq.Ly X SO(3)(ue.aeecy X SO(3) 11y

Once v acquires large Majorana mass, case (A) will reduce to
O(3). x O(3)r
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O(3). x O(3)g Flavor Gauge Model

o Left-handed quarks and leptons transform as triplets of O(3);.
Right-handed quarks and leptons are triplets of O(3)g
Q:(3,1), L:(3,1), uv®:(1,3), d°:(1,3), e :(1,3)
@ SM Higgs doublet H is (1,1) under O(3), x O(3)r
@ Fermion mass generation requires vector-like isosinglet fermions:
U(1,3) 4+ Ur(3,1); Di(1,3)+ Dg(3,1); Ei(1,3)+ Er(1,3)
@ To generate masses for the vector-like fermions, and for

O(3). x O(3)g symmetry breaking, SM singlet Higgs field
(3, 3) is necessary

@ Fermion masses are generated via a universal seesaw mechanism

o = = = APAEN G
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Fermion Mass Generation
Yukawa couplings of fermions:
yYukawa — yuaL I URI:I + mBUL]I Uugr + YUUL ¢(3, 3) UR + h.c. + ...

Fermion mass matrices:

Vi
0343 Yud,eV 343
Myde= 0 7 M s MuypEe= Yup,E Vs
M, q.e43x3 U,D,E V-
) . 3
Light fermion masses:
B yumgv - yumgv - yumgv
mu - MU ’ mC - Mu ) mt - Mu
1 2 3
0 0 0
ydde ydde ydde
md — Md ) s — Md ) mb — Md
1 2 3
— yemgv _ Yem®v B yemgv
. =

m, = my =
e H e T e
Ml M2 M3



BN
Features of Heavy Fermions/Gauge Bosons

@ my:ms:my= /\/Ig : M§ : M{ = Inverse mass hierarchy among heavy
fermions
(] Mf’ = YpVy, Mg = Yp Vs, Mg =YpV3= V> Vo>V,
@ The 6 O(3)L x O(3)r gauge bosons (Xi g, Yi g, Zi,r) have masses:
Mx, = giLVo, Mx, = gr Vo,
My, = Mz, = gi.V1, My, = Mz, = grV1

@ Since Vi > V;, MXL7XR < MyhyR ~ MZLJR

@ V4 breaks O(3), x O(3)r down to O(2); x O(2)r leaving X, r gauge
bosons massless. V, breaks O(2), x O(2)g to nothing.

@ Lighter X, r couple to second and third families:
£X = —igy {(buvuse — 5vub) + (Fuyvume — Buvem) } XE
— Igr {(ER'Y;LSR = SRYubR) + (TRYLIR — ﬁR'VuTR)} Xg
@ Interesting phenomenology for B anomalies possible via exchange of X, r

gauge bosons .
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BN
Minimal Flavor Violation?

@ With a single bi-fundamental ®(3, 3) coupling to all fermions, there
is no CKM mixing. Additional Higgs fields are needed

@ The structure of the theory allows Yukawa couplings of these
multiplets under O(3), x O(3)g:

x3(1,3);  xs(1,5), &(3,3) .
@ At least two of these fields are needed to generate CKM mixing

@ Few possibilities are explored:
(i) Two ®(3,3) fields
(i) One ®(3,3), one xs5(1,5) field and one x3(1,3) field
(iii) Two ®(3,3) fields, one x5(1,5) field and one x3(1,3) field
@ Results for cases (i) and (iii) will be presented
® In case (i) there are only 2 Yukawa matrices for u, d, e — most
minimal flavor violation (MMFV)
@ Case (iii) is next to minimal FV (NMFV) with 4 Yukawa matrices for
u,d, e
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Gauge Model for MMFV

@ Two copies of ®(3,3) Higgs fields are utilized for symmetry
breaking and fermion mass generation

@ Two Yukawa matrices (®;) and (®,) must fit up, down and
charged lepton masses as well as CKM mixings = MMFV
@ Fermion mass matrices:

- 03x3 Yud,eVI3x3  vude u,d,e
Mu,d,e — <m2,d,e]13><3 Mu,d,e 7Mu,d,e - Yl <¢1> + Y2 <¢2>

@ Yukawa coupling are complex, while all VEVs are real
@ Only 3 relative phases in Yukawa couplings

@ Excellent fit to fermion masses and CKM mixing angles is found

[=] = = = PN G
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MMFV Scalar Potential

@ Higgs potential with two bifundamental scalar fields ®; »(3, 3):

V = =2 Tr[010] ]+ A Tr[®1 0] 2 + X\ Tr[d1 0] &1 | + &1 Det[d4]
+ — 13 Tr[D2®] ] + N3 Tr[®2®T 12 + Ay Tr[dad) G2 | + £ Det[ds]
+ X5 Tr[®1 D] | Tr[@od] | + A Tr[®10T 12 + A7 Tr[d1 0] D] ]

+ Ag Tr[®10] O10] | + P11 Dy + &P 12D,
+ Ao Tr[®1 0] | Tr[d1 D] + Ao Tr[d1 0] &)
+ A11 Tr[Oo 0T | Tr[®od{ | 4+ Ao Tr[dod] Db ]

@ Any fit for fermion masses should be generated from this Higgs
potential

@ This is found to be satisfied for the fermion fit that follows
[m] = - =



NN
Fit to Fermion Spectrum with Two ®(3,3)

Masses (in GeV) and Tnputs Fitted values

Mixing parameters (at i = 10° GeV) | (at o = Moyr) pulls Heavy Fermions Heavy Fermion Masses (in GeV)

m,/10~% 6.5+2.2 8.3 0.8 My 1x10°

mc 0.35:+0.01 0.35 -0.07 Mc 2.4 x10°

m; 104.9+0.9 104.3 -0.7 Mt 8.2 x 10
mg/1073 1.640.1 15 -0.7 Mp 5.6x10°
mg /10~ 3.140.1 3.1 0.19 Ms 2.7 x10°

my 1.540,01 15 0.03 Mg 5.7 x 10°
m./10~% 5.03+0.05 503 0.02 Mg 8 x 10°
m, /10~ 10.6+0.1 10.6 0.05 M, 3.8x10°

m, 1.84+0.01 1.79 -0.5 - 2.2x10
Vius| /10~ 22.740.07 22.7 0.04 | Heavy Gauge Bosons | Heavy Gauge Boson Masses (in GeV)
Vp|/1072 4.5+0.06 4.5 0.02 Mz, ./8LR 1.71 x 10°
V,5]/1073 3.940.1 39 -0.08 My, ./8LR 1.70 x 10

Scrm 1.240.05 1.19 20.26 My, o/8LR 1.16 x 10°
X’ - - 2 - -

Parameter set (Y;”d’e are complex parameters):
Yu.d,e = {—0.79, —0.016, —0.01},

0

mu,d,e

= {620, 3110, 2203} GeV/
yihde = {—0.45, —1.73, —0.13},
;%€ = {0.84 — /0.29,0.15 — j 0.03, —0.05 — i 3 x 10 °}
1.2 x 107 0 0 1.1x 108 7.3x10° 1.1x10°
(91) = ( 0 1.1 x 10° 0 > GeV, (bp) = (743 x10° 7.9 x10° 2.3 x 1o4> GeV

0 0 2.9 x 10% 1.1 x 10° 2.3 x10* 2.2x10°




NN
Flavor Gauge Model and B Decay Anomalies

@ The MMFV gauge model is not easily accessible to experiments,
owing to large masses (> 10° GeV) of flavor gauge bosons

@ However, the framework appears to be suitable to explain recently
reported B decay anomalies, especially in the lepton flavor
universality violating ratios Rk and Rk+. This is because the lightest
flavor gauge bosons, X, r, couple to second and third family
fermions off-diagonally

@ We have explored the case of a modified scalar spectrum within the
O(3)L x O(3)r gauge model to explain these anomalies

@ Two copies of ®(3,3) scalars, and one copy of x3(1,3) + xs5(1,3)
scalar fields are used for fermion masses and symmetry breaking

@ This model generates operators Cyg = — Cyg that works very well in
explaining the B anomalies

[m] = = =
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B Decay Anomalies

@ There has been indications for new physics in b to sy~ transition
matrix elements for some time

@ Hints for new physics come from Bs — ¢~ decay (LHCb
measurement is 30 lower than SM), B¥ — K*u*u~ (LHCb 20 low
in several g2 bins), B — K*u*p~ angular distribution, ...

@ These discrepancies suggest new contrbutions to Cg and/or Cig
operators:

Co = (bryus) ("),  Cio = (bryust) (@ s

@ For Gy = —Cyp (only left-handed fields involved in new physics), best
fit is Cg = —0.67, which is about 4.8 o improvement compared to
SM in a global fit

@ Rk and Rk+ measurements add to the significance

o = = = DA
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Global Fit to B Observables Without Rk and Rk

Coeft. best fit lo 20 pull
(o3 —1.21 [—1.41, —1.00] [-1.61, —0.77] 5.20

cy +0.19 [~0.01, +0.40] [-0.22, +0.60] 0.9

CIF +0.79 [+0.55, +1.05] [4+0.32, +1.31] 3.40

o -0.10 [—0.26, +0.07] [-0.42, +0.24]  0.60

CFF =ORF —0.30 [~0.50, —0.08] [-0.69, +0.18]  1.3¢
CNP = NP —0.67 [—0.83, —0.52] [-0.99, —0.38]  4.8¢
= +0.06 [~0.18, +0.30] [-0.42, +0.55]  0.3¢
Ch=—C4 +0.08 [~0.02, +0.18] [-0.12, +0.28]  0.8¢
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Rk Anomaly

--LHCb -m-BaBar -a—Belle

=t LHCb 1
1.5F . 7
r I [ ]
T l Mo
0.5F .
% 5 10 s 20

q* [GeV?¥c4

Ric[1,6] = ZE=H) = 0.74570% £ 0.036 [LHCh 1406.6482]

Deviates from SM Rx ~1by ~ 2 o
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Ry+ Anomaly

2.0 SN B S B B

1.5F -

[0 ] S— e s .

0.5 ® LHCD 7
L B BaBar
L LHCb A Belle 1

0.0 I B R BT 1
0 5 10 15 20

2

Rik~[0.045,1.1] = 0.66015540 +0.024, Rk-[1.1,6] = 0.685"% 543 + 0.04

Deviates from SM Ry« >~ 1 by ~ 2.5 ¢ in each bin
LHCb, arXiv:1705.05802 [hep-ex]
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O(3). x O(3)r Model for B Anomalies

@ Cg = —(Cjp ~ —0.63 can be induced in next to minimal FV

TSl S S

® Requires My, /g ~ (10 —22) TeV
e B, — B, mixing prowdes a strong constraint. However, Xg
exchange almost exactly cancels the X; contribution. Note:

MXL/gL = MXR/gR

@ New contrbutions to D° — DO mixing near experimental limit
@ Predicts 7 — 3 with a branching ratio of ~ 10710
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Main Features of NMFV Model

@ Uses two copies of ®(3,3) scalar fields. Their VEVs are taken to
be nearly diagonal

@ One x3(1,3) and one xs5(1, 3) scalars are used. x3 has flavor
antisymmetric Yukawa couplings, s has flavor-symmetric

couplings
@ Mass matrices are given by:
Mu,d,e:( u,d,e udeO u,d,e u,d,e yu,d7e‘/]{1de >
my T4y (x3) s (xs) VI (P1) 4 YT (B)

° y3‘35 couplings are taken to be small, to suppress X; r mediated
FCNC in K, By systems

@ Desired sign of X; contribution to B anomalies fixes sign of Xz
coupling so as to cancel X; r contributions to B; — B, mixing

[m] = = =
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Fit for NMFV Model: 2 x ®(3,3) + x3(1,3) + x5(1,5)

M, ~ —y,vM1X,

-1
M¢ 0 0 1
M= o m o = P, ry,
0o 0 m 3
00 e 0 0
ry = 0o |,P,= 0 e 0 s
000 1 0 0 &%

Xy = milays + €SV (A) + ™ YH(S),
YIA) L v Y5“<u5>)

—Yuvmg v
My ~ (7U)Puru(]l3><3 +e Xaiu +
M. m,
3 o o
*YuVm[ljl u u
T =36GeV, r3; = 0.06, r3; = 0.12,
3
X3 = 3.11, x5 = —0.02,
Y3 A1z Y3 A1z Y3 Az
= =033, 2= =012, 2= =159,
my Mg My
Ys Y¥S YYs, Ys G
5 uu — _0.21, -2 u13 = —0.12, -2 uzz —0.28, u23 —2.19, 5 u33 —0.76
Mg My my Mg Mg
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Fit for NMFV Model: 2 x ®(3,3) + x3(1,3) + x5(1,5)

d d d
—Yd VMg e Y3 (A) e Ys (S)
Md ~ (T)Pdrd(]lb@ +e X3—d + e X5—d)
3 Mg Mg
_};\E/’:"'S =2.4GeV, r§; = 0.002, r5, = 0.019,
3
vi~o,v8 ~o
—Yevmg i Y3 (A) e . Yo' (S)
Me ~ (—— e )Pere(Iaxs 4 €6 fe—=20t 4 eM g, 2121
mt m,
3 0 0
#‘;’"g —1GeV, 1§, = 0.001, 15, = 0.38,
3
X3 =0.91, x5 = 1.72,
@:Lfim—éz—os gefﬁm—ézo.s
Y3 Mgy vs' mg
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Fit for NMFV Model: 2 x ®(3,3) + x3(1,3) + x5(1,5)

Masses (in GeV) and Inputs Fitted values I
Mixing parameters (at p =108 GeV) | (at u = Mgur) puts
m,/10~% 9.8+33 9.8 0.002
me 0.54+0.01 0.54 0.001
m; 151.2+1.5 151.2 0.002
my/10732.4 +0.2 2.4 0.0
ms/10~3 46.94+2.5 46.9 0.0
mp 2.440.02 2.4 0.0
me/10~% 4.95+0.04 4.95 0.001
m,, /1073 104.6+0.1 104.6 0.001
m, 1.7+0.01 17 0.002
01,/107222.7 +0.07 22.7 -0.001
03/1072 4.240.06 4.2 -0.002
623/103 3.7+0.1 3.7 -0.005
ScKm 1.208+0.05 1.208 0.008
% - - 0.0001
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BN
Flavor Structure of X,  Couplings

L(Xe, Xg) = —ige(FLy K[ ) X) — igr(Fr.KEfR) Xk

(1% 103 cos(6*) + 6 x 10~*sin("))i (8107 =7 10°47) cos(*) — (7 x 10" 18 x 10°21)sin(6") (0.2 +0.09i) cos(6*) + (0.09 +0.2i) sin(6)

2
I

29><105\10><10‘ 5.1x10°% 11x1072-63x10°2%
—9.9x1071-59x1073% —11x1072-6.3x 1072 1.2 x 1072

(8x10°* 7><10 “i) cos(¢ ) (7% 1073 + 8 x 10-%) sin(¢*) 3 %10 cos(6*) — 008/ sin(6") (~09 1% 10-*) cos(6¥) + (1 x 10-* + 0.97) sin(¢*)
(0.2 +0.094) cos(¢*) + (—0.09 + 0.2i) sin(6) (09— 1% 107*i) cos(6) + (~1 x 10~ + 0.97) sin(6") 1% 10~ cos(¢") + 0.08isin(¢")
KU — —1.2x 1072/ 29x107°+1.02x107% 9.9x 107 —59x 10°%
R — —2.9x107° +1.0 x 10~*i 5.1x10°5% 11x1072— 6.3 x 1072
—9.9x1071~59x107% —11x1072—6.3x 1072 1.2 x 1072
Ke 7x105 () 5% 10-5sin(¢*))i (-5x1073 —4x 10 ) (\ (4x |01 3% 107%)sin(6%) (—6 x 107% +2 x 103) cos(*) + (7 x 1072 +2 x 10-*/)sin(¢%)
L (5107 — P i) cos(0r) - (4 x 1073 3 % 10-3)sin(o*) ) +0.5i sin(6) (0.6~ 0.3i) cos(6%) + (0.3 +0.7i) sin(9*)
(smoﬁ? 107%) cos(6%) + (~7 x 107 + 2 x 10~%)sin(6*) (06 oa)ms( ‘<) (o3t 07) in(°) 0.7i cos() +0.5i sin(6%)

—1.2x 1072} 2.9%107°+1.02 x 1074 99><101f59><1031>

@ (K[)x is large, while (K§)22 is small. Only G = — Gy will be
induced for B decays

® (K/)12 ~ 8 x 1073 leads to new contributions to D° — D°
mixing. Close to experimental limit. CP violation in mixing is
also in interesting range -

@ By construction, X, g contributions to K° — K° mixing, B — B
mixing are small L= .




o
Conclusions

@ Gauge model realizations of minimal flavor violation presented
based on O(3), x O(3)g flavor symmetry

@ In the most minimal realization, two flavor matrices can explain
up, down and charged lepton flavor structure. However,
symmetry breaking scale is > 10° GeV

@ In a next to minimal flavor violation model, B decay anomalies
can be nicely explained. Lightness of flavor gauge bosons is
linked to fermion mass hierarchy

@ Future tests can come in D° — DO mixing and CP violation,
7 — 3u decay, and precise measurement of By — i~ decay

[m] = = =
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